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Inducible Clustering of Membrane-Targeted
SH3 Domains of the Adaptor Protein Nck
Triggers Localized Actin Polymerization
Introduction
Cell motility involves an orchestrated spatiotemporal
regulation of the actin cytoskeleton. Many extracellular
signals that control adhesion and motility are relayed to
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the cytosol by tyrosine kinase activation. In cells, mem-University of Connecticut Health Center
brane-associated focal areas enriched in tyrosine-phos-263 Farmington Avenue
phorylated proteins are often associated with localizedFarmington, Connecticut 06030
actin polymerization; examples include focal adhesions,2 Department of Biology
clusters of activated receptors such as the “immuneHarvard University
synapse” in T cells, and the tips of filopodia [1–3]. Signal-16 Divinity Avenue
induced autophosphorylation of tyrosine kinases or phos-Cambridge, Massachusetts 02138
phorylation of their substrates creates docking sites for3 Harvard Medical School and Massachusetts
Src homology 2 (SH2) domains [4, 5].General Hospital
Nck, an SH2/SH3 adaptor protein consisting of three55 Fruit Street
N-terminal Src homology 3 (SH3) domains followed byBoston, Massachusetts 02114
a single C-terminal SH2 domain [6], is an important link
between extracellular signals and the cytoskeleton. The
SH2 domain of Nck binds a number of tyrosine kinases
and tyrosine-phosphorylated docking proteins, includ-Summary
ing platelet-derived growth factor receptor, epidermal
growth factor receptor, vascular endothelial growth fac-Background: SH2/SH3 adaptor proteins play a critical
tor receptor, ephrins, and the docking proteins p62Dok1role in tyrosine kinase signaling pathways, regulating
and p130Cas; on the other hand, the Nck SH3 domainsessential cell functions by increasing the local concen-
engage proline-rich binding sites on a host of effectorstration or altering the subcellular localization of down-
implicated in cytoskeletal regulation including membersstream effectors. The SH2 domain of the Nck adaptor
of the WASp/Scar (Wiskott-Aldrich Syndrome protein/can bind tyrosine-phosphorylated proteins, while its
suppressor of cAR) family (reviewed in [7, 8]).SH3 domains can modulate actin polymerization by in-
WASp/Scar proteins are important regulators of theteracting with effectors such as WASp/Scar family pro-
actin cytoskeleton that promote actin filament nucle-teins. Although several studies have implicated Nck in
ation and branching by direct binding of their C terminiregulating actin polymerization, its role in living cells is
to the actin-related protein 2 and 3 (Arp2/3) complex [9,not well understood.
10]. In turn, the interaction of WASp/Scar proteins withResults: We used an antibody-based system to experi-
the Arp2/3 complex is regulated by a number of activa-mentally modulate the local concentration of Nck SH3
tors, including the Rho-family GTPases, phosphoinosi-domains on the plasma membrane of living cells. Clus-
tides, and SH3 domains [11–13]. Several groups havetering of fusion proteins containing all three Nck SH3
shown that SH3 domains can bind to and activate neu-domains induced localized polymerization of actin, in-
ronal-WASp (N-WASp) in vitro [14–16], and we and col-cluding the formation of actin tails and spots, accompa-
leagues have previously shown that Nck SH3 domainsnied by general cytoskeletal rearrangements. All three
can induce, in cooperation with the lipid phosphatidyl-Nck SH3 domains were required, as clustering of individ-
inositol 4,5-bisphosphate (PIP2), full activation of actinual SH3 domains or a combination of the two N-terminal
nucleation in an in vitro reconstituted system containingNck SH3 domains failed to promote significant local
N-WASp.Arp2/3 complexes in the absence of Cdc42 [16].polymerization of actin in vivo. Changes in actin dynam-
Other studies have demonstrated an essential roleics induced by Nck SH3 domain clustering required the
of Nck in mediating pathogen-induced actin filamentrecruitment of N-WASp, but not WAVE1, and were unaf-
assembly in vivo [17–19] and in the organization of thefected by downregulation of Cdc42.
lamellipodial actin network in normal cells [20]. However,Conclusions: We show that high local concentrations
several aspects of the molecular mechanisms by whichof Nck SH3 domains are sufficient to stimulate localized,
Nck modulates actin polymerization in living cells remainCdc42-independent actin polymerization in living cells.
unclear. For example, it is not known whether Nck relo-This study provides strong evidence of a pivotal role for
calization is sufficient to trigger assembly of protein com-Nck in directly coupling ligand-induced tyrosine phos-
plexes that can stimulate localized actin rearrangementsphorylation at the plasma membrane to localized changes
or if Nck is merely a component of such a complex.in organization of the actin cytoskeleton through a sig-
Herein, we report a strategy for the inducible clusteringnaling pathway that requires N-WASp.
of membrane-targeted Nck SH3 domains and demon-
strate that an increased local concentration of fusion
proteins containing all three SH3 domains of Nck is*Correspondence: bmayer@neuron.uchc.edu
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Figure 1. Experimental Strategy for the Con-
trolled Aggregation of Nck SH3 Domains at
the Plasma Membrane
(A) Schematic representation of the adaptor
protein Nck and its derivatives. All the fusion
proteins were tagged with a C-terminal
haemagglutinin (HA) epitope.
(B) Expression of the Nck SH3 domain chime-
ras. The expression of CD16/7 Nck SH3 do-
main fusion proteins was verified by Western
immunoblot analysis (anti-HA antibody) of ly-
sates obtained from 293T cells transfected
with the indicated constructs. Approximate
size (Mr  103) of the fusion proteins is indi-
cated.
(C) Diagram representing the antibody-medi-
ated aggregation of membrane-targeted Nck
SH3 domains.
(D and E) Validation in vivo of the antibody-
based strategy for the aggregation of mem-
brane-targeted fusion proteins. Confocal
microscopy imaging of NIH-3T3 cells ex-
pressing the CD16/7-GFP chimera before (D)
or after (E) its aggregation mediated by anti-
bodies. In the merged image, Rhodamine IgG
and GFP are colored red and green, respec-
tively. The yellow patches on the plasma
membrane in the merged image ([E], right)
correspond to sites of clustering of the CD16/
7-GFP fusion induced by the antibody
treatment.
sufficient to stimulate localized actin polymerization and Fc receptors CD16 and CD7, respectively (Figure 1A),
which could then be aggregated or clustered in livingelicit cytoskeleton rearrangements in living cells.
cells by antibody treatment [21]. We first assessed the
expression of fusion proteins by Western immunoblot
Results analysis (Figure 1B) of lysates of 293T cells transfected
with the respective constructs. Using an anti-HA tag
Expression of Nck SH3 Domain Fusion Proteins antibody, specific bands of the expected size were de-
and Validation of the Antibody-Based Strategy tected. Subcellular fractionation followed by immu-
for Clustering of Membrane-Targeted noblotting showed that most of the CD16/7-Nck SH3
Nck SH3 Domains domain chimeras were detectable in the soluble fraction
We hypothesized that an increased local concentration of whole-cell lysates (data not shown), suggesting ap-
of membrane-targeted Nck SH3 domains, mimicking propriate folding of the proteins and their successful
their SH2-mediated recruitment by activated tyrosine export from the endoplasmic reticulum to the plasma
kinases, would result in altered actin dynamics and cy- membrane. We confirmed localization of the fusions to
toskeletal remodeling in live cells. We set out to test the plasma membrane by transfecting NIH-3T3 cells with
this hypothesis by generating fusion proteins of the vari- CD16/7-GFP (Figure 1D) and by the similar expression
ous Nck SH3 domains with the extracellular and the patterns, revealed by immunofluorescence, of perme-
abilized versus nonpermeabilized cells transfected withtransmembrane domains of the human immunoglobulin
Nck SH3 Domains Stimulate Actin Polymerization
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CD16/7 lacking GFP and probed with anti-CD16 anti- stantial changes in F-actin distribution; however, its lo-
cal enrichment at discrete sites on the plasma mem-body (not shown).
We optimized an antibody-based strategy for the in- brane by means of antibody-coated beads resulted in
localized actin polymerization and membrane protru-ducible aggregation of Nck SH3 domains at the plasma
membrane (Figure 1C) that would mimic the SH2-medi- sions [22, 23].
Since different individual Nck SH3 domains or theirated recruitment of Nck to sites of tyrosine phosphoryla-
tion under physiological conditions. A comparison of combinations vary in their ability to stimulate actin nu-
cleation by N-WASp.Arp2/3 complexes in vitro [16], weNIH-3T3 cells expressing CD16/7-GFP before and after
antibody-mediated aggregation (Figure 1D versus 1E), next compared the effects of clustering various mem-
brane-anchored Nck SH3 domain fusions on actin poly-demonstrates the suitability of this strategy for the in-
ducible clustering of membrane-targeted protein do- merization and cytoskeletal changes in vivo (Figure 3).
Notably, only the antibody-mediated clustering of a fu-mains.
sion protein containing all three Nck SH3 domains was
able to induce significant cytoskeletal rearrangement
Sites of Dynamic Actin Polymerization and Profound and localized polymerization of actin as described above;
Cytoskeletal Rearrangements Are Observed fusions containing individual SH3 domains or a combi-
upon Aggregation of Membrane-Targeted nation of the two N-terminal SH3 domains were much
Nck SH3 Domains less effective. A quantitative analysis of the most promi-
To test the hypothesis that an increased local concentra- nent cytoskeletal response, namely the formation of ac-
tion of Nck SH3 domains at discrete sites on the plasma tin tails, demonstrated that they were much more fre-
membrane is sufficient for the induction of changes in quently associated with clusters of all three Nck SH3
actin dynamics and cytoskeleton reorganization, NIH- domains than with clusters of the two N-terminal or of
3T3 cells transfected with CD16/7-NckSH3(123) and individual Nck SH3 domains (Figure 4).
actin-GFP (to visualize actin) were subjected to anti- These results are consistent with our previous report
body-mediated aggregation (Figure 2). Remarkably, showing that all three Nck SH3 domains were required for
profound cytoskeletal rearrangements, including sites full activation of actin polymerization by N-WASp.Arp2/3
of dynamic actin polymerization and loss of stress fibers, complexes in vitro [16], suggesting that N-WASp may
were observed in cells subjected to antibody-mediated also be the critical downstream effector of Nck in vivo.
clustering of Nck SH3 domains, but not in cells left un- Although there is some disagreement about whether
treated (Figure 2, middle panel, ab versus bottom the SH3(3) [24] or SH3(2) [16] domain of Nck is most
panel,ab). Sites of dynamic actin polymerization were important for binding to WASp or N-WASp, cooperative
visualized as actin “tails” and multiple spots or foci of binding has been consistently observed [16, 24]. Nck
actin-GFP associated, almost invariably, with “red heads” and its close relative Nck- are unique among the SH2/
corresponding to clusters of the CD16/7-NckSH3 fu- SH3 adaptors in containing three SH3 domains. SH3
sions visualized with rhodamine-conjugated secondary domains bind proline-rich ligands with moderate affinity
antibody. Importantly, clustering of an empty CD16/7 and selectivity, which can potentially be increased by
fusion protein (lacking SH3 domains) failed to induce multiple, separate interactions [12]; this is likely to be
changes in actin dynamics or alterations in cytoskeletal the case for N-WASp, which has an extended proline-
organization (Figure 2, top). Serial optical sections col- rich segment containing many possible binding sites.
lected as Z-stacks revealed topographical details of the
actin structures, confirming the engagement of cyto-
plasmic tails or foci of actin-GFP with membrane-anchored Signaling to the Actin Cytoskeleton by Clusters
of Membrane-Targeted Nck SH3 Domainsclusters of Nck SH3 domains (Supplemental Data, Figure
S1 and Movie S1). Live-cell video imaging experiments Involves the Recruitment of N-WASp
and WIP, but Not WAVE1showed that clusters of Nck SH3 domains were associ-
ated with highly dynamic actin tails and, in some cases, To begin to evaluate a role for N-WASp in actin re-
arrangements induced by Nck aggregation, we analyzedwith thinner, more rapidly extending membrane protru-
sions resembling filopodia (see Movie S2). NIH-3T3 cells coexpressing actin-GFP, Myc-tagged
N-WASp, and CD16/7-Nck SH3(123) by immunofluo-These results demonstrate that high local concentra-
tions of Nck SH3 domains at discrete sites on the plasma rescence. In the absence of antibody-mediated aggre-
gation of Nck SH3 domains, N-WASp showed diffusemembrane are sufficient to set in motion signal trans-
duction pathways targeting the actin cytoskeleton. In staining throughout the cytoplasm and the plasma mem-
brane (Figure 5, ab). In contrast, antibody-mediatedparticular, our approach allowed the evaluation—under
controllable experimental conditions and in the absence clustering of membrane-targeted Nck SH3 domains re-
sulted in recruitment of overexpressed N-WASp to sitesof stimulation of other signaling pathways—of the direct
consequences of altering the distribution of Nck SH3 of dynamic actin polymerization (Figure 5, ab). We
could also show that in cells where N-WASp was notdomains at the plasma membrane. It is important to
note that the overexpression of membrane-anchored overexpressed, endogenous N-WASp was recruited to
clusters containing all three Nck SH3 domains, but notNck SH3 domains per se (without antibody-mediated
aggregation) did not trigger detectable cytoskeletal to those containing only the N-terminal Nck SH3 domain
(Figure S2).changes in vivo. Similarly, others have found that trans-
location of activated Cdc42 to the plasma membrane Given that Nck binds the Wiskott-Aldrich syndrome
protein-interacting protein (WIP) through its middle SH3using a rapamycin-based system failed to induce sub-
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Figure 2. Induction of Cytoskeletal Reorga-
nization and Localized Actin Polymerization
by Clustering of Membrane-Targeted Nck
SH3 Domain
Representative confocal microscopy images
of NIH-3T3 cells cotransfected with actin-
GFP and CD16/7 (top) or CD16/7-Nck
SH3(123) (middle and bottom). Cells were
incubated with clustering antibodies as de-
scribed in the Experimental Procedures (top
and bottom; ab) or left untreated (middle;
ab). In the merged images, Rhodamine IgG
and actin are colored red and green, respec-
tively. The scale bar represents 10 m.
domain [25] and that WIP is an integral component in between WASp and WAVE proteins is the lack of a
GTPase binding domain in the latter, which implies theyNck-dependent signaling pathways leading to actin-
based motility of vaccinia virus [26] and of PIP2-induced must be activated by different mechanisms. Indeed, na-
tive WAVE1 has been shown to exist in an inactivevesicles [27], we examined if endogenous WIP is also
recruited to sites of actin polymerization induced by multimeric protein complex that is activated upon its
dissociation by Rac- and Nck-dependent interactionsclusters of Nck SH3 domains. Indeed, spots of intense
immunostaining for WIP colocalized with antibody- [32]. In particular, the N-terminal SH3 domain of Nck
(SH3[1]) was shown to be necessary and sufficient forinduced aggregates of membrane-targeted Nck SH3
domains (Figure 6, ab). In cells left untreated (no anti- activation of the WAVE1 complex in vitro [32]. Therefore,
we tested whether clusters of the membrane-targeted,body-mediated aggregation of the Nck construct), WIP
showed a rather weak diffuse cytoplasmic staining and N-terminal Nck SH3 domain could signal to the cytoskel-
eton by an alternative mechanism involving WAVE1. Westrong perinuclear staining, as previously observed in
quiescent (nonstimulated) NIH-3T3 fibroblasts [28, 29]. prepared a Myc epitope-tagged version of WAVE1 and
confirmed its expression by immunoblot analysis usingIn addition to WASp and N-WASp, the distantly related
Scar/WAVE (WASp family verprolin-homologous) pro- anti-Myc antibody (not shown). We found that even in
NIH-3T3 cells overexpressing tagged WAVE1, major cy-teins also play an important role in the regulation of
actin dynamics, particularly in the formation of mem- toskeletal changes or the induction of active sites of
actin polymerization (actin tail formation) were not ob-brane ruffles and lamellipodia downstream of the small
GTPase Rac [30, 31]. One important structural difference served upon antibody-mediated aggregation of the
Nck SH3 Domains Stimulate Actin Polymerization
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Figure 3. Clustering of All Three Nck SH3 Do-
mains Is Required for Stimulation of Localized
Polymerization of Actin In Vivo
Confocal microscopy images of NIH-3T3
cells cotransfected with actin-GFP and the
various CD16/7 Nck SH3 domain constructs
as indicated. Cells were treated in vivo with
antibodies to induce aggregation of the mem-
brane-targeted Nck SH3 domain fusion pro-
teins. Only clustering of the SH3(123) con-
struct resulted in significant cytoskeletal
reorganization, including disruption of stress
fibers, and in the formation of actin tails and
actin foci at sites of aggregation. The inset in
the bottom panel shows a higher magnifica-
tion of an actin tail typically formed in re-
sponse to aggregation of the membrane-tar-
geted SH3(123) construct. In the merged
images, Rhodamine IgG and actin are colored
red and green, respectively. Scale bars repre-
sent 10 m.
N-terminal Nck SH3 domain (Figure S3). As expected, 33–35]. To gain further insight into the mechanism lead-
ing to actin polymerization by membrane aggregatesWAVE1 was also not detectably recruited to aggregated
of Nck SH3 domains, we overexpressed a dominant-complexes containing Nck SH3(1) (Figure S3).
negative mutant N-WASp lacking the C-terminal VCA
region [36] in NIH-3T3 fibroblasts cotransfected with
N-WASp Is Essential for Actin Polymerization actin-GFP and CD16/7 Nck SH3(123). As shown in
Induced by Clusters of Membrane-Targeted Figure S4, overexpression of the mutant N-WASp (VCA)
Nck SH3 Domains suppressed localized polymerization of actin, including
Colocalization experiments shown above (Figures 5 and the formation of actin tails and foci, induced by aggrega-
S2) suggested that N-WASp is the actin nucleation-pro- tion of the CD16/7 Nck SH3(123) construct (Figure
moting factor activated by clustering of Nck SH3 do- S4, SH3[123] versus VCA  SH3[123]). This re-
mains. WASp/N-WASp are modular proteins consisting sult suggests that N-WASp-mediated activation of the
of an N-terminal EV/WH1 (Ena Vasp/WASp homology 1) Arp2/3 complex is the predominant mode of actin poly-
domain, a basic region, a GTPase/Cdc42 binding do- merization induced by high local concentration of Nck
main, a proline-rich region, and a C-terminal “VCA” re- SH3 domains.
To demonstrate conclusively the role of N-WASp, wegion that binds G-actin and the Arp2/3 complex [10,
Current Biology
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Figure 4. Quantitative Analysis of Actin Tail
Formation Induced by Aggregation of Mem-
brane-Targeted Nck SH3 Domains
(A) Percentage (mean  SD) of cells showing
at least one actin tail. The values in parenthe-
sis above each bar are total number of cells
counted in three to five independent experi-
ments.
(B) Percent distribution (mean  SD of inde-
pendent experiments) of cells with actin tails
as a function of the number of tails observed
per individual cell.
compared fibroblast-like cells (FLC) derived from ei- bated with antibodies (Figure 7B) in vivo to induce aggre-
gation of Nck SH3 domains. Wt and rescued cells formedther wild-type (wt) or N-WASp-deficient (N-WASp/)
mouse embryos and N-WASp/ FLC rescued by infec- prominent actin tails and actin foci in response to aggre-
gation of the membrane-targeted Nck SH3 domains,tion with an N-WASp-expressing retrovirus (Rescued)
[37]. Cells cotransfected with actin-GFP and CD16/7 while N-WASp/ cells were almost totally unresponsive
to Nck aggregation (see also Movies S3 and S4). ThisNck SH3(123) were left untreated (Figure 7A) or incu-
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Figure 6. Endogenous WIP Is Recruited to Sites of Actin Polymer-Figure 5. Aggregation of Membrane-Targeted Nck SH3 Domains
ization Stimulated by Aggregation of Membrane-Targeted Nck SH3Recruits Overexpressed N-WASp to Sites of Localized Actin Poly-
Domains.merization
Confocal microscopy images of NIH-3T3 cells cotransfected withConfocal microscopy images of NIH-3T3 cells cotransfected with
actin-GFP and CD16/7 Nck SH3(123) (HA-tagged). Cells wereactin-GFP, CD16/7 Nck SH3(123) (HA tagged), and N-WASp (Myc
left untreated (ab) or incubated with antibodies in vivo to inducetagged). Cells were left untreated (ab, left) or incubated with anti-
aggregation of the membrane-targeted Nck SH3 domains (ab).bodies (ab, right) in vivo to induce aggregation of Nck SH3 do-
Immunofluorescence staining was performed as previously de-mains. Immunofluorescence staining was performed as described
scribed, except that endogenous WIP was detected with a poly-in the Experimental Procedures. A higher magnification of an actin
clonal antibody against a C-terminal peptide of WIP. The inset showstail showing colocalization of clusters of Nck SH3 domains and
a higher magnification of actin tails showing colocalization of aggre-N-WASp is shown in the inset. In the merged images, actin, the
gates of Nck SH3 domains and endogenous WIP. In the mergedNck SH3 chimera, and N-WASp are colored green, red, and blue,
images, actin, the Nck SH3 chimera, and WIP are colored green,respectively. The scale bar represents 10 m.
red, and blue, respectively. The scale bar represents 10 m.
demonstrates that N-WASp is essential for localized ac-
tin polymerization and cytoskeletal rearrangements in- the GDB/CRIB domain and the C terminus, which pre-
vents the VCA (verprolin homology segment, cofilin ho-duced by membrane clusters of Nck SH3 domains.
mology segment, and acidic region of N-WASp) region
from activating the Arp2/3 complex [38, 39]. In vitro,Nck SH3 Domain Signaling to the Actin
Cytoskeleton Is Independent cooperative binding of GTP-loaded Cdc42 and the lipid
PIP2 releases the inhibition imposed by the GBD/CRIBof the Small GTPase Cdc42
Cytoplasmic N-WASp is held in a folded, inactive confor- domain (GTPase binding domain/Cdc42 and Rac inter-
active binding domain) and makes the VCA region avail-mation involving intramolecular interactions between
Current Biology
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Figure 7. N-WASp Is Required for Signaling
to the Actin Cytoskeleton by Aggregates of
Membrane-Targeted Nck SH3 Domains
Confocal microscopy images of fibroblast-
like cells (FLC) derived from wild-type (wt) or
N-WASp deficient (N-WASp/) mouse em-
bryos and N-WASp/ FLC infected with an
N-WASp-expressing retrovirus (rescued). Cells
cotransfected with actin-GFP and CD16/7
Nck SH3(123) were left untreated (A) or
incubated with antibodies (B) in vivo to induce
aggregation of Nck SH3 domains. Wt and res-
cued FLC, unlike N-WASp/ FLC, formed
prominent actin tails and actin foci in re-
sponse to aggregation of the membrane-tar-
geted Nck SH3 domains. In the merged im-
ages, actin and Rhodamine IgG are colored
green and red, respectively. The scale bar
represents 10 m.
able for activation of the Arp2/3 complex [36, 40, 41]. Discussion
Our previous studies in vitro showed that cooperative
binding of Nck SH3 domains and PIP2 could also induce, Our results directly demonstrate that high local concen-
trations of Nck SH3 domains on the membrane are suffi-in the absence of GTP-Cdc42, full activation of actin
nucleation by N-WASp.Arp2/3 complexes [16]. We there- cient to induce localized actin polymerization in living
cells. It is very likely that this observation reflects afore examined whether the actin rearrangements induced
by Nck aggregation in vivo were Cdc42 independent. central role for Nck in linking tyrosine phosphorylation
at specific sites to cytoskeletal rearrangements, as hadWe found that blocking the Cdc42 signaling pathway
by a previously validated dominant-negative approach been suggested in a number of biological systems. For
example, localized activation of the epidermal growth[42] did not inhibit Nck-mediated formation of actin tails
and foci (Figure 8). We confirmed that Cdc42-dependent factor receptor (EGFR), which is known to recruit Nck
[44, 45], induced localized actin polymerization that wassignaling to the cytoskeleton was blocked in these cells
by the inhibition of bradykinin-stimulated filopodium for- accompanied by an increase in the local concentration
of N-WASp [46]. Dock (dreadlocks), the Drosophila ho-mation after serum starvation (not shown) as previously
described [28, 43]. Thus, the results of our current exper- molog of Nck, plays an essential role in photoreceptor
axon guidance [47]; in the growth cone, it links upstreamiments in vivo are in agreement with previous observa-
tions in vitro [16], which suggest functional redundancy tyrosine phosphorylation signals, such as insulin recep-
tor activation [48], to changes in the actin cytoskeleton.of Cdc42 and Nck in the activation of N-WASp and
provide additional support to the hypothesis that Nck A central role for Nck in assembly of focal adhesions
and stimulation of endothelial cell migration has alsolinks, in a Cdc42-independent manner, tyrosine phos-
phorylation at the plasma membrane with polymeriza- been proposed in signaling by the vascular endothelial
growth factor receptor [49]. Nck-, closely related totion of actin and cytoskeletal remodeling.
Nck SH3 Domains Stimulate Actin Polymerization
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is thought to lead to the subsequent recruitment of
N-WASp (enteropathogenic E. coli ) or of a complex of
WIP and N-WASp for vaccinia [26], which in turn brings
together the Arp2/3 complex and actin monomers to
initiate actin polymerization. In the present study, sev-
eral lines of evidence convincingly demonstrate that
N-WASp is indeed an essential component in the signal-
ing cascade that links Nck with localized polymerization
of actin. (1) Both overexpressed and endogenous
N-WASp colocalized to sites of actin polymerization in-
duced by clusters of Nck SH3 domains. (2) Overexpres-
sion of a mutant N-WASP lacking the VCA region inhib-
ited actin polymerization at sites of increased local
concentration of Nck SH3 domains. (3) Most importantly,
N-WASp-deficient cells, unlike wt or rescued cells, did
not form prominent actin tails or foci in response to the
aggregation of Nck SH3 domains.
The recruitment by Nck SH3 domains of N-WASp and
WIP to sites of actin polymerization in our study resem-
bles the protein complex seen in association with actin
tail rocketing of membrane vesicles induced by in-
creased levels of PIP2 [27, 55]. Interestingly, treatment of
type I phosphatidylinositol phosphate 5-kinase (PIP5KI)-
overexpressing cells with pervanadate (a potent tyrosine
phosphatase inhibitor) and PDGF stimulates actin tail
formation in a synergistic fashion, suggesting that tyro-
sine phosphorylation and PIP2 cooperate to promote
actin polymerization [55]. Binding of cytoskeletal pro-
teins to phosphoinositides, particularly PIP2, may pro-
mote their clustering into cholesterol- and sphingolipid-
enriched membrane patches called raft microdomains
[13]. High local concentrations of PIP2 at the plasmaFigure 8. Stimulation of Localized Actin Polymerization by Aggrega-
membrane have been shown to be associated withtion of Membrane-Targeted Nck SH3 Domains Is Cdc42 Inde-
F-actin-enriched structures [56]. It is tempting to specu-pendent.
late that clustering of Nck SH3 domains at the plasmaConfocal microscopy images of NIH-3T3 cells coexpressing actin-
membrane recruits N-WASp into close proximity to mem-GFP, CD16/7 Nck SH3(123), and a dominant-negative mutant of
Cdc42 (D57Y). Cells were left untreated (D57Y ab) or were incu- brane domains with high local concentrations of PIP2
bated in vivo with antibodies to cluster Nck SH3 domains (D57Y and that only the spatiotemporal coincidence of both
ab). Blocking of Cdc42 signaling to the cytoskeleton using a domi- activators would allow full activation of N-WASp and
nant-negative approach failed to inhibit the formation of actin tails trigger localized polymerization of actin. This may ex-and actin foci typically observed in response to antibody-induced
plain why not all aggregated Nck complexes appear toaggregation of Nck SH3 domains. In the merged images, actin and
nucleate actin polymerization in a given cell (see FiguresRhodamine IgG are colored green and red, respectively. The scale
bar represents 10 m. 2, 3, 5 and Supplemental Data). Whether clusters of Nck
colocalize with PIP2-enriched microdomains and if the
two activators cooperate to activate N-WASp-stimu-
Nck, has been proposed to modulate actin polymeriza- lated actin polymerization in vivo deserves further inves-
tion, membrane ruffling, and lamellipodium formation via tigation.
activated platelet-derived growth factor receptor [50]. In summary, the present studies provide direct evi-
Likewise, the interaction of Nck- SH2 domain with dence that high local concentrations of Nck SH3 do-
phosphorylated focal adhesion kinase modulates cell mains at discrete sites on the plasma membrane can
motility [51]. Compelling evidence of a fundamental stimulate localized polymerization of actin and cytoskel-
physiological role for Nck adaptors during development etal reorganization in vivo. Signaling to the actin cy-
was provided by targeted deletion of both Nck family toskeleton by Nck SH3 domains requires N-WASp, in-
genes in mice, which resulted in embryonic lethality, volves the recruitment of WIP, and is independent of
impaired fibroblast motility, and altered lamellipodium Cdc42. Therefore, Nck provides a direct link between
formation [20]. tyrosine kinase-mediated signaling and the actin cy-
Our present results are also entirely consistent with toskeleton, which is likely to be relevant to diverse phe-
previous studies, suggesting a role for Nck in pathogen- nomena such as adhesion, directed motility, and intra-
induced actin rearrangements. The vaccinia virus pro- cellular trafficking. The fact that altering the distribution
tein A36R [52, 53] and the enteropathogenic E. coli re- of Nck SH3 domains is sufficient to induce cytoskeletal
ceptor Tir [54] are tyrosine phosphorylated at the plasma rearrangements, in the absence of other stimuli, under-
membrane of the host cell, generating high-affinity lines its central role. In addition to N-WASp and WIP,
Nck SH3 domains bind to a variety of other proteins thatdocking sites for the Nck SH2 domain. Binding of Nck
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temperature. After fixation/permeabilization, cells were blocked withmay regulate the cytoskeleton, including PAK and other
1% BSA in PBS (30 min) before incubation for 1 hr with mouseserine-threonine kinases and the Abl tyrosine kinase [7,
monoclonal anti-HA (1:250), rabbit polyclonal anti-Myc (1:500), or8]; therefore, Nck is well suited to fine-tune cytoskeletal
rabbit polyclonal anti N-WASp (1:500), as appropriate. For immuno-
responses depending on the intracellular milieu. The detection of endogenous WIP, we used a polyclonal antibody (dilu-
antibody-based strategy for the inducible aggregation tion 1:250) raised in rabbits against a 14 amino acid C-terminal
peptide common to human and murine WIP sequences [28], kindlyof Nck SH3 domains described here is likely to prove
provided by N. Ramesh and R. Geha (Children’s Hospital, Boston,useful to study, under experimentally controlled condi-
MA). After extensive washing to remove the unbound excess primarytions, the specific role of these and other membrane-
antibody, cells were incubated with rhodamine-conjugated goatassociated effectors in cytoskeletal regulation.
anti-mouse IgG and Alexa Fluor 647-conjugated goat anti-rabbit IgG
(both 1:1000) for an additional hour.
Experimental Procedures Fluorescent images were collected on a Zeiss LSM 510 confocal
microscope using a 63 NA 1.25 Plan-NEOFLUAR oil immersion
Plasmid Constructions objective. Specimens were illuminated with an argon laser with
Constructs encoding fusion proteins consisting of the extracellular emission at 488 nm and two HeNe lasers with emissions at 543 or
domain of CD16, the transmembrane domain of CD7 (both human 633 nm, respectively. For visualization of actin dynamics in associa-
immunoglobulin Fc receptors), and GFP or different arrays of the tion with clusters of Nck SH3 domains in living cells, NIH-3T3 cells
SH3 domains of the adaptor protein Nck were generated (Figure cotransfected with actin-GFP and CD16/7-Nck SH3 constructs were
1A). None of the chimeras included the SH2 domain of Nck, as we cultured in Bioptechs Delta T dishes and maintained at 37C with
have previously shown that it is dispensable for the activation of a stage/objective heater system (Bioptechs). Live images were col-
N-WASp in vitro [16]. The rationale for the generation of constructs lected as vertical Z-stacks of optical sections. Single optical sec-
encoding fusion proteins of CD16/7 with individual or combinations tions were processed with Adobe Photoshop software, whereas
of Nck SH3 domains, as well as detailed information about cloning vertical Z-stacks were projected in three dimensions using IMARIS/
procedures and vectors is provided as Supplemental Data. SURPASS software (Bitplane AG, Zu¨rich).
A plasmid encoding a mutant N-WASp lacking the VCA region The efficiency of actin tail formation was evaluated by the pres-
(VCA), described elsewhere [36], was kindly provided by Dr. M.W. ence and the number of tails in cells cotransfected with actin-GFP
Kirschner (Harvard Medical School, Boston). and constructs encoding the different Nck SH3 domain fusion pro-
teins. The definition of an actin tail was adapted from Scaplehorn
Cell Culture, Transfection, and Immunoblotting et al. [59] and regarded as a tapered actin-dense structure emanat-
Human 293T and NIH-3T3 cells were cultured in DMEM supple- ing from a cluster of Nck SH3 domains.
mented with antibiotics and 10% fetal bovine serum or calf serum,
respectively. Fibroblast-like cells (FLC) derived from wild-type (wt) Supplemental Data
or N-WASp-deficient (N-WASp/) mouse embryos and N-WASp/ Supplemental Data including details on plasmid construction and addi-
FLC infected with an N-WASp-expressing retrovirus (rescued) have tional figures and movies are available at http://www.current-biology.
been described previously [37]. Transient transfections were carried com/cgi/content/full/14/1/11/DC1/.
out by calcium phosphate precipitation (293T cells) or using the
Lipofectamine reagent (NIH-3T3 cells and FLC). For Western immu- Acknowledgments
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